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ABSTRACT

The Sensor Research Lab at the Naval Postgraduate School is developing a real-time THz
imaging camera. Vital to its design is the metamaterial absorbing layer (metafilm) within
each pixel that allows for THz absorption. While there are numerous applications in the
THz region, sensors and sources for THz energy have much room for improvement. The
use of metamaterial technology for the purpose of a THz sensor has the potential to
reduce costs while greatly improving sensitivity performance. The Sensor Research Lab
has fabricated metafilms capable of near 100 percent absorption. In this research project,
absorption characteristics of a set of metamaterials were measured using Fourier
transform THz spectroscopy and modeled using an RLC circuit. The model provides a
good description of the absorption characteristics and should assist in better
understanding of the electromagnetic interactions within the metafilm.
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l. INTRODUCTION

A. METAMATERIAL ABSORBERS

Metamaterials are subwavelength composites that exhibit properties not found in
nature, such as a negative refractive index [1]. While negative electrical permittivity ()
and negative magnetic permeability (u), though less common, are both found in natural
materials, they are not found simultaneously within the same frequency band [1].
Metamaterials are able to achieve both a negative € and a negative p simultaneously and
thus a negative refractive index. The ability to tune the electrical permittivity and
magnetic permeability by controlling constituents, materials, and configurations is a
distinct advantage of metamaterials. This leads to unique and interesting applications
such as cloaking [2], earthquake resistant structures [2], and terahertz (THz) technologies
[3], as well as improvements to existing technologies such as antenna design and

performance [2].

Of interest for this research is the absorption capability of metamaterials in the
THz region which spans the electromagnetic spectrum from 100 GHz to 10 THz where 1
THz = 10" Hz. This region is also considered the far-IR and lies in between the
microwave and infrared wavelengths. There are many capable and efficient devices that
operate in the microwave and visible/infrared wavelengths, however, due to the
inefficiency of electronic and photonic responses in the THz region, it is “arguably the
least developed and least understood portion of the EM spectrum scientifically and
technologically” [1].

The Naval Postgraduate School (NPS) Sensor Research Lab (SRL) is working on
the optimization and design of metamaterial absorbers in the THz region. Through this
research, metamaterial absorbers have been developed that demonstrate near 100 percent
absorption [3]. These absorbers are generally comprised of a metallic ground plane
separated from a periodic array of metal cells by a dielectric layer as shown in Figure 1.

Such an array comprises a thin film of metamaterial, also referred to as a metafilm [2].
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Figure 1. Metamaterial cell (a) and periodic array of cells (b) from [4].

There are differing views as to how exactly these metamaterial absorbers operate.
The main argument is that the metamaterial effectively matches impedance with the
surrounding material, or air in most cases, thus minimizing reflection [3]. These materials
are designed so that there is no transmission. Therefore, if reflection is completely
eliminated, 100 percent absorption is achieved [3]. Some contend more specifically that
the effective impedance matching is due to the Fabry-Perot effect [5]. Regardless of the
model used to explain the phenomenon, studies have clearly witnessed an effective
impedance matching which allows for metamaterial absorption [4].

B. USES OF TERAHERTZ TECHNOLOGY

Over the past decade, there has been increasing interest in the THz region and its
applications. In April 2006, the National Institute of Information and Communications
Technology (NICT) in Japan began the Terahertz Project, intending to shape Japanese
infrastructure in support of THz applications [6]. The THz wavelength is short enough to
allow sub-millimeter resolution while also long enough to allow penetration of most
nonmetals [7]. Additionally, the unique absorption characteristics of many materials in
the THz region allows for spectroscopic “fingerprints” to be cataloged. With an

established database of known spectra for targeted materials, THz devices can be used to



identify these materials when other means of identification are difficult or
unachievable [6]. These characteristics lead to some interesting applications in both the

security and medical fields.

With its object penetrating capability, real time THz imaging provides wide-
sweeping applications in security, including detection of concealed weapons, explosives,
narcotics, and buried mines. Utilizing fingerprinting, explosives and narcotics are
detectable and identifiable by their unique spectra in the THz region [8]. Additionally,
THz based devices are capable of greater resolution than current microwave based airport

security screening equipment due to the shorter wavelength.

Uses in the medical field are also vast and constantly under further exploration.
The THz wavelength is non-ionizing and sensitive to the motions of molecules [9]. This
allows for observations that are unachievable in other wavelengths such as the infrared
where objects sometimes change form under heat treatment [8]. THz technology has
demonstrated the capability to detect cancer [7], determine varying degrees of burns [10],

and even discern between single and double stranded DNA [9].

While there are many other areas of interest involving the THz wavelength, there
are those who are not as optimistic about the applications of THz technology [11]. The
two main reasons for this outlook are the atmospheric absorption challenge of THz
energy along with the challenge of creating devices which efficiently produce THz
energy. THz radiation faces severe absorption challenges through the atmosphere,
attenuating as much as 100,000 decibels/km at 5 THz versus only 0.2 decibels/km at 50
GHz [11]. This does not negate the potential uses of THz technologies, although it does
mitigate their effectiveness in some applications. For instance, a terrestrial wide-band
communication link operating at 1 THz would have great difficulty at distances greater
than 100 meters [11]. Others argue that this could be an advantage for short range
communications in the tactical environment, allowing the enemy less opportunity to

intercept or jam [12].

Because THz radiation is rapidly absorbed by the atmosphere, an illuminating

source is necessary for most applications, which provides the other challenge. There is
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heavy research and development in THz sources, but efficiencies of such sources remain
below one percent [11]. Again, this may limit the extent of applications in the THz
region; however, current THz sources are adequate for a number of applications, such as
real time imaging under development at NPS SRL with the use of a quantum cascade
laser (QCL). Additionally, due to these challenges, space may provide the ideal

environment for operation at THz frequencies.

C. APPLICATIONS OF TERAHERTZ TECHNOLOGY IN SPACE

Due to the challenges of atmospheric absorption and THz source efficiency, space
is an outstanding environment for THz application. Not only are the atmospheric losses
eliminated in space, there is also an abundance of THz energy sources. A statistic given
by astronomer David Leisawitz at NASA Goddard Space Flight Center is “that 98
percent of the photons released since the big bang reside in the submillimeter and far-
infrared bands” [11]. Bearing in mind that THz is equivalent to far-infrared, this means
that there is a lot of energy available for observation in the THz region. As Peter Siegel at
Cal Tech states “the universe is bathed in terahertz energy; most of it going unnoticed
and undetected” [13]. THz spectrometers have been used as far back as the 1970s for
observing and characterizing interstellar medium as well as the atmospheric composition
of planets [11]. The interest in astrophysical observations led NASA to establish the
International Symposium on Space Terahertz Technology (ISSTT) in 1990 [14]. With
regard to current and future applications of THz technology in space, the most interest
lies in the continued study of astrophysical observations and planetary atmospheric

observations within the solar system.

Space based THz detection systems for astronomy were being developed as early
as 1990 and have been undergoing continual improvement ever since [14]. The
observations and spectral analyses provided by such collection garner tremendous insight
for modern cosmology as well as for star formation and galactic structure [15]. For
example, galactic redshift is strong in the THz region [13], and exploration there has led
to the discovery of thousands of galaxies undetected in the visible or infrared [16].

Another example of the importance of observations in the THz region involves

4



interstellar clouds. Interstellar clouds are believed to be instrumental in the life cycle of
galaxies and to be fundamental in the formation of stars and planets; however, very little
IS understood about their formation [16]. Due to the cold physical conditions within the
clouds, there is little opportunity for observation outside of the THz realm [16]. Recent
observations conducted in the THz region by Herschel are helping to generate theories as
to how these clouds form [16]. Herschel, launched in May of 2009, is a far-infrared space

telescope operating between 0.5to 1.9 THz.

While Herschel is pursuing the study of astrophysics within the Milky Way as
well as the galaxies beyond, another interest for THz lies in the study of Earth’s
atmosphere and other planetary atmospheres within the solar system. By observing
atmospheres in the THz region, much insight can be gained in understanding the physical
and chemical processes occurring [16]. With regard to Earth, such observations assist in
ozone destruction monitoring, global warming analysis, total radiation balance analysis,
and pollution monitoring [13]. Launched in July of 2004, the Aura spacecraft, for
example, provides observations of the Earth’s atmosphere with the mission of globally
mapping OH. Using a 2.5 THz CO, pumped methanol gas laser, the microwave limb
sounder (MLS) onboard Aura illuminates gases in the atmosphere so that their THz
spectral characteristics can then be observed [17]. A similar capability is desired for other
missions as well. The Outer Planets Flagship Missions to Saturn and Jupiter desire to
incorporate a THz instrument onboard for atmospheric analysis [18].

D. DISCUSSION OF RESEARCH

To improve the state-of-the-art THz sensing, the SRL is researching the design
and fabrication of THz optimized bi-material microelectromechanical systems (MEMS)
arrays for THz imaging, shown in Figure 2(a) along with the structure of one pixel

(Figure 2(b)). The simulated operation of a similar pixel is shown in Figure 3.
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Figure 2. Micrograph of the metamaterial-based THz bi-material sensor array under
development in the Sensor Research Lab at the Naval Postgraduate School.
(a) Partial view of the array; (b) zoom of a single pixel.
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Figure 3. COMSOL analysis of bi-material sensor with THz metafilm from [2].

Crucial to the development of one of these pixels is the metamaterial absorption
layer (metafilm from section 1-A) sensitive to THz (Figure 1). When THz radiation is
absorbed by the metafilm lying at the center of the pixel, it heats up, creating a
temperature difference across the structure. This temperature difference causes the

structure to bend as shown in Figure 3. By measuring the amount of deflection in the
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structure with optical readouts, the intensity of the THz radiation can be determined and

thus displayed as an image given an array of pixels [19].

This thesis seeks to gain better understanding of the absorption characteristics of
the metafilms necessary for these bi-material structures—specifically how dielectric
thickness and metamaterial dimensions affect absorption percentage and frequency. In
order to allow for this study, the SRL fabricated ten wafers, each containing 25 different
metamaterial configurations for a total of 250 configurations. Each wafer consists of a
95 nm thick Al ground plane with an SiO, dielectric spacing it from a 95 mm thick
aluminum square patch as shown in Figure 1. The SiO; layer varies from 0.4 to 2.0 um,
depending on the wafer. The patterns within each wafer are then of consistent dielectric
thickness but varying square patch size, periodicity, and pattern. An example of one of

these wafers is shown in Figure 4.

Figure 4. Wafer with 25 different metamaterial configurations.

The scope of this research includes collecting data on each wafer, analyzing that
data, and creating equivalent electrostatic models [4] whose performance matches the
data.



E. BENEFITS OF RESEARCH

While current studies are already being conducted in the THz region,
improvements in sensor technology are still needed. This research directly contributes to
the design and fabrication of THz metamaterial sensors which are both more sensitive
and less expensive than their current counterparts, while allowing real time imaging. The
higher sensitivity is achieved through the capability of near 100 percent absorption, while
the reductions in cost are achieved through less expensive fabrication techniques along
with the lack of operational cooling requirements. In addition to these advantages is the
expectation that these sensors will be lighter than their contemporaries. All of these are
advantageous to the space community. Specifically, advancements in astronomy call for
more sensitive sensors, especially above 1.6 THz [16], and this research targets
frequencies between 1-10 THz. Given the advantages of THz metamaterial sensors along
with the interest in THz sensors onboard spacecraft, it seems very likely that

metamaterial based sensors will one day be a reality in space.

With regard to how this research specifically contributes to the advancement of
THz metamaterial sensors, it provides insight on how to optimize and efficiently design
the sensors for a target frequency with maximum absorption. The aim is that this
understanding will contribute to the design process, making it simpler, more effective,
and less costly. This should ultimately lead to the establishment of a standard method for

designing and fabricating THz metamaterials to meet desired performance.

The immediate benefit of this research should be seen in the SRL’s design of a
THz imaging device. As discussed in section 1-D, the metafilm is an essential component
of the bi-material structure being used for the design of a THz imaging device.



II. DATACOLLECTION & ANALYSIS

A. DATA COLLECTION PROCESS & METHODS USED

As previously discussed in section 1-D, ten wafers were fabricated with 25
different structures on each for data collection. Each wafer was characterized using a
Fourier transform infrared spectrometer (FTIR) Nexus 8700 fitted with a globar beam
source, Si beam splitter, and a pyroelectric detector. Using the FTIR, reflection (R ) and
transmission (T ) are measured over the range of THz frequencies, and absorption (A)

percentage is obtained using A=100—R-T .
1. Operation of the FTIR

The FTIR allows a broadband light source to achieve what would otherwise
require over a thousand monochromatic measurements at differing frequencies. By using
a Michelson interferometer, where one of the mirrors moves to vary the phase difference
between the two light paths, the FTIR measures how intensity varies as path distance

(Ay) varies. A general schematic for the FTIR is shown in Figure 5.

== Data Signal (PC<->Instrument)
RADIATION
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Optic Signal
l Y, \ 2
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—————— > MOVING >| BEAM
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A
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SOFTWARE
FIXED
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Figure 5. Schematic diagram of a Fourier Transform Infrared Spectrometer.



The intensity (1) of the light received by the detector as a function of path

distance (Ay) is given by the following equation (where o is the wavenumber):

1 (Ay) :T I(Ay,0) do = T@ do+]9@cos(2mmy) do (2.1)

0 0 0
By taking the Fourier transform of the second term in Equation 2.1, called the
interferogram, the absorption data is mapped for a given frequency interval. In this way
the FTIR is able to extract frequency specific absorption data with a broadband infrared
source. This is possible because the phase difference between the two light paths is
wavelength dependent. The moving mirror allows data collection of this dependence,
while the Fourier transform of that data reveals the absorption for each individual

frequency.
2. Setup of the FTIR

The FTIR accessory attachment, MappIR, allows two configurations for data

collection as shown in Figure 6.

METAMATERIAL FILM —>

MIRRORS
‘/\) -
THz THz R
>»| DETECTOR
BEAM \/ RENEGas BEAM
<— METAMATERIAL FILM
SUBSTRATE

(@) (b)

Figure 6. Schematic of the experimental configuration used for measuring the reflection
(a) and transmission (b). The incidence angle (0) is 15° for both
configurations.

Configuration (a) allows the measurement of reflected THz energy off of the
wafer. Configuration (b) allows the measurement of transmittance. Since the

metamaterial films were designed to block transmission in the THz range, the
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configuration shown in Figure 6(b) allows verification of this property. Once it is verified
that the wafer does not allow transmittance, reflection measurements are utilized for all

data collection, and absorption percentage is obtained by A=100—R.

First, the background is measured by placing a gold mirror in the MappIR tray.
This establishes the amount of energy that the sensor expects in the case of 100 percent
reflection, as the gold mirror is nearly a perfect reflector in the THz range. All following
measurements are compared to this amount to obtain reflection percentage. Following the
background measurement, the wafer to be characterized is placed in the tray. Within four

hours, MapplIR positions all 25 sectors on a wafer through the FTIR for characterization.

It was verified for all ten wafers that zero transmittance was allowed through the
Al ground plane. Additionally, a new background was established prior to data collection
on each wafer. Since THz energy is highly absorbed by H,O in the air, the FTIR was
under constant purge with dry air to prevent erroneous data due to absorption by moisture

in the laboratory air.

3. Parameters for Data Collection

Two programs were utilized in coordination with the FTIR to establish the
operating parameters for data collection—OMNIC & AutoPRO. The general setup used
for each is shown in Figures 7 and 8.
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Experimental bench setup in OMNIC displaying key parameters for data
collection.

Figure 7.
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Figure 8.

Key parameters to note are the spectral range, spectral resolution, and mirror

velocity. With regard to spectral range, data was collected over the range of 50 to 600
12



wavenumbers, or 1.5 to 18 THz. With regard to spectral resolution, maximum resolution
was desired for accuracy and clarity. Figure 8 shows that 1.0 cm™ was configured, as this
is the maximum allowable by the system; however, this actually correlated to a spectral
resolution of approximately 0.5 cm™ in the data. The velocity parameter, shown in
Figure 7, correlates to the speed (cm/s) of the moving mirror in the interferometer. A
slower velocity is desired for less noisy measurements. Also of note is the scan pattern
showing the 25 different sectors of the wafer for independent analysis, seen at the bottom
right of Figure 8.

B. PRESENTATION OF DATA COLLECTED & ANALYSIS

While data was collected, plotted, and observed for ten different wafers, only data
for four of the wafers is presented with analysis. This emphasizes the best of the data
collected and the contrast between varying dielectric thicknesses. SiO; thicknesses of 0.4,
0.8, 1.2, and 1.6 um are presented. Additionally, this study focuses on sectors 1-16 of
these wafers which involves varying square size and varying period. Figure 1(b) displays
square size, labeled “a,” and period, labeled “21 pm.”

1. Varying Square Size

Sectors 1-10 on each wafer hold square period fixed at 21 pm while varying
square size from 18 pum down to 9 um. The smoothed raw data, presented in Figures 9,
10, 11, and 12, reveals that there is a clear correlation between square size and the THz
frequency of peak absorption as well as magnitude of absorption. Additionally, there is a
clear increase in THz absorption as the SiO, thickness increases. Figure 9 highlights the
complete absorption curve between 3.5 and 9 THz, while Figures 10, 11 and 12 show the
curve above 20 percent absorption for clarity of illustration. Savitzky-Golay smoothing
was used, and the raw data, unsmoothed, can be found in Appendix A. There it can be
seen that only limited smoothing was necessary and that the greatest margin error lies
with the 0.4 pum SiO, thickness, where the data is noisier than for the other dielectric

thicknesses.
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Figure 9. THz absorption of a metafilm with constant square period of 21 um, varying
square size, and SiO; layer thickness of 0.4 pm.
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Figure 10. THz absorption of a metafilm with constant square period of 21 um, varying
square size, and SiO; layer thickness of 0.8 pm.
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Figure 11. THz absorption of a metafilm with constant square period of 21 um, varying
square size, and SiO; layer thickness of 1.2 um.
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Figure 12. THz absorption of a metafilm with constant square period of 21 um, varying
square size, and SiO; layer thickness of 1.6 pm.
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In addition to observing an increase in absorption as SiO, thickness increases, it is
also observed that a decrease in square size generally leads to a decrease in absorption
magnitude. This is expected since the effective area of absorption is reduced when square
size is reduced while square period is kept constant. The absorption peaks are plotted

against SiO, thickness in Figure 13 to further illustrate these trends.
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40 |-

Figure 13. Peak absorption increases as SiO, thickness increases for varying square size
with constant square period of 21 um. Data points are fitted with an

exponential fit for clarity of trend using the equation y =y, + Ae™.

The effect of increasing absorption with increasing SiO, thickness is observed to
taper off exponentially for the given metafilms. This indicates that there is an optimal
thickness depending on the square size. It also shows that some square sizes may be
unable to achieve 100 percent absorption, regardless of thickness. While the data appears
to fit exponentially, this may be misleading since there are so few data points. The
phenomena may be better explained by another mathematical relationship. The rapid
decrease in absorption as SiO, thickness decreases is believed to be due to greater

impedance mismatch between the metafilm and air, causing greater reflection [3].
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Figures 9, 10, 11 and 12 also revealed a shift in frequency for the absorption
curves as square size was reduced. This is better illustrated in Figure 14 where the slight

frequency shift based upon SiO, thickness can also be observed.
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10 12 14 16 18
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Figure 14. Peak absorption frequency shifts as a function of square size with constant
square period of 21 um. Data points are fitted with an exponential fit for

better observation of trending behavior using equation y = y, + Ae™* .

The data in Figure 14 fits well to the exponential functiony =y, +Ae™;
however, further analysis reveals that there is a linear relationship between peak
absorption frequency and inverse square size. This relationship correlates well with the
notion of an RLC circuit model where resonant frequency =1/+/LC and capacitance (C)
exhibits a direct dependence on square area ( A) given by the parallel plate equation
C =¢A/d (where ¢is the dielectric constant and d is the distance between the two metal

plates) [4]. This result is shown in Figure 15.
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Figure 15. Peak absorption frequency shifts as a function of inverse square size with
constant square period of 21 um. Data points are fitted with a linear fit.

Similar behavior, though not as distinct, is observed with the full width half

maximum (FWHM) plots. Figure 16 demonstrates an exponential fit of the data using
equation y =y, + Ae™*, while Figure 17 demonstrates linearization of the data, using

inverse square size vice square size. The fluctuations among the 0.4 um thickness are
most likely due to the error in that data. As previously mentioned and shown in Appendix
A, the absorption data for the 0.4 um thickness is not as clear as for the other thicknesses.

This should be kept in mind throughout the analysis.
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Figure 16. Full width half maximum (FWHM) shifts as a function of square size with

constant square period of 21 um. Data points are fitted with

an exponential fit

for better observation of trending behavior using equation y = y, + Ae™.
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Figure 17. Full width half maximum (FWHM) shifts as a function of inverse square size
with constant square period of 21 pum. Data points are fitted with a linear fit.
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The obvious trend shown in Figure 16 is that square size directly affects the width
of the absorption spectrum, with a smaller square size correlating to a larger width. Since
a smaller square size correlates to lower peak absorption, there is a distinct tradeoff
between high absorption and broad bandwidth. In order to understand how the FWHMSs
compare relative to their resonant frequency or center frequency (previously referred to
as the peak absorption frequency), the quality factor was also plotted against square size

as shown in Figure 18.
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Figure 18. Quality Factor, defined as resonant frequency divided by FWHM, as a
function of square size with constant square period of 21 um. Data points are
fitted with a linear fit. In the case of the 1.6 um SiO,, the last data point is
ignored.

While Figure 18 does not demonstrate a clear effect of square size upon quality
factor (i.e., quality factor is almost constant), it does show that quality factor is slightly
affected by SiO, thickness. The thickest SiO, layer maintains the highest quality factor
with a maximum increase of as much as 2.5 over the other thicknesses. With the
exception of the data inversion between 0.8 um and 1.2 um, an increase in SiO, thickness

causes an increase in quality factor. This inversion may be due to over-etching in the
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fabrication of the wafer, and further analysis is needed to confirm it. When creating the
aluminum square pattern on the top of the metafilm, there is the potential to “over-etch”
and thus create grooves between the metallic squares in the SiO, layer below. Since a

change in the dielectric layer affects the index of refraction (7) of the metafilm, over-

etch has the potential to shift the frequency of absorption. For larger square sizes this

effect is smaller since there is less space between the squares.

The final comparison of interest with regard to varying square size is the effect of
fill factor on peak absorption where fill factor is defined as square size squared (square
area) divided by square period squared. Fill factor vs. peak absorption is shown in

Figure 19.
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Figure 19. Peak absorption as a function of fill factor where square period remains
constant at 21 pm. Data points are fitted with an exponential fit for clarity of

trend using equation y =y, + Ae®*.

As the square size increases, fill factor increases. As previously discussed, an
increase in square size results in an increase in absorption, so as expected, an increase in

fill factor correlates to an increase in absorption. It is interesting to note that as the SiO,
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thickness increases, the knee of the curve shifts to the left, meaning a thicker dielectric
can utilize a smaller fill factor without significant absorption loss. Along the same lines,
fill factor shows minimal effect on absorption for the thicker dielectrics once the knee of
the curve is passed. The knee is very broad in the case of the thinner dielectrics, and so

fill factor has a greater effect.

Interestingly, the peak absorption plotted against inverse fill factor reveals a linear
relationship between the two as shown in Figure 20. This is especially true of the 0.4 and
0.8 um thicknesses, while the 1.6 um thickness does not fit as well due to the larger
sguare sizes achieving near maximum absorption. Since absorption cannot rise above 100
percent, the data must plateau making it impossible for a linear fit when maximum
absorption has been reached. There is, then, a region over which absorption relates
linearly to inverse fill factor.

T T
100 —
90 +
80 |- =
L
= 70}
2 SiO, Thickness
s 60F ®™ 04pum |
3 e 0.8pum
<
> 50 | 1.2 um
) v 1.6um
o
40}, mm —
30 +
20 I s

2 - 6

Inverse Fill Factor

Figure 20. Peak absorption as a function of inverse fill factor where square period
remains constant at 21 um. Data fitted with a linear fit.
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2. Varying Square Period

Sectors 11-16 on each wafer hold square size fixed at 16 pm while varying
square period from 19 um to 25 pm skipping period of 21 pm since that configuration is
identical to sector 3. The smoothed raw data, presented in Figures 21, 22, 23 and 24,
reveals that there is a clear correlation between square period and the percentage of THz
absorption and very little correlation with regard to frequency of peak absorption.
Additionally, as also observed in sectors 1-10, there is a clear increase in THz absorption
as the SiO, thickness increases. Savitzky-Golay smoothing was used, and the raw data,
unsmoothed, can be found in Appendix A. There it can be seen that only limited
smoothing was necessary and that the greatest error lies with the 0.4 um SiO, thickness,
where the data is noisier than for the other dielectric thicknesses.
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Figure 21. THz absorption of a metafilm with varying square period, constant square size
of 16 um, and SiO; layer thickness of 0.4 pm.
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Figure 22. THz absorption of a metafilm with varying square period, constant square size
of 16 um, and SiO; layer thickness of 0.8 pm.
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Figure 23. THz absorption of a metafilm with varying square period, constant square size
of 16 um, and SiO; layer thickness of 1.2 um.
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Figure 24. THz absorption of a metafilm with varying square period, constant square size
of 16 um, and SiO; layer thickness of 1.6 pm.

A decrease in square period generally leads to an increase in peak absorption.
This is expected since fill factor increases when square period is reduced. The absorption
peaks are plotted against SiO, thickness in Figure 25 to further illustrate this trend.
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Figure 25. Peak absorption increases as SiO, thickness increases for varying square
period with constant square size of 16 um. Data points are fitted with an

exponential fit for clarity of trend using equation y = y, + Ae™.

Figure 25 is in agreement with Figure 13, showing that an increase in SiO;
thickness results in a consistent response, regardless of square size or square period.
Interestingly, the absorption of metafilms with square periods 19 pum and 20 um level out

more quickly and are surpassed by a few of the larger periods.

When peak absorption is plotted against square period for the various SiO,
thicknesses, a linear relationship between square period and absorption is revealed as

shown in Figure 26.

Unlike the frequency shift caused by varying square size shown in Figure 14,
variations in square period have minimal effect on the peak absorption frequency as
shown in Figure 27. It is important to notice the difference in vertical scale size between

these two figures.
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Figure 26. Peak absorption as a function of square period with constant square size of
16 um. Data points are fitted with a linear fit.
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Figure 27. Peak absorption remains nearly constant as a function of square period with
constant square size of 16 um. Data points are fitted with a linear fit.
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The final comparison of interest with regard to varying square period is the effect

of fill factor on peak absorption as shown in Figure 28.
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Figure 28. Peak absorption as a function of fill factor where square size remains constant
at 16 um. Data points are fitted with a linear fit.

As expected, fill factor demonstrates a consistent impact on peak absorption
regardless of whether square period or square size is the parameter being adjusted as
shown when comparing Figure 28 with Figure 19. Figure 28 matches very well to the
linear portion of Figure 19, the region where fill factor is greater than 0.4. As the square
period increases, fill factor decreases. As previously discussed, an increase in square
period results in a decrease in absorption, so as expected, a decrease in fill factor
correlates to a decrease in absorption. Notice that this effect reduces as the thickness of

SiO, increases.
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I11. MODELING USING AN RLC CIRCUIT

A. RLC CIRCUIT ANALYSIS

While more sophisticated methods using finite element modeling are being used
to understand the physics of these metamaterials, RLC circuits are also of interest due to
their simplicity. The idea is to construct a series RLC circuit which models the behavior
observed by the metamaterials with regard to THz absorption. In so doing, better
understanding of the electromagnetic interactions within the metafilm can be gained
along with insight into simplification of metafilm design. While there are various types of
RLC circuits, the following analysis and discussion are with regard to an RLC circuit in

series as shown in Figure 29.

Figure 29. RLC circuit in series with resistance, R, inductance, L, and capacitance, C.

Both physical and behavioral analogies can be made between the metafilm and
the RLC circuit. This helps to give a starting point in developing the RLC model and,
conversely, allows for better understanding of the metafilm once an effective model is
created. Since we are attempting to model the THz energy absorbed by the metafilm, the
most logical circuit behavior to observe is power dissipated across the resistor. In this
way, energy absorbed by the metafilm would be analogous to energy dissipated by the
resistor. Modeling this behavior is achieved by simulating an alternating current (AC)

frequency sweep with the RLC circuit and plotting the power dissipation for the range of
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frequencies. The effectiveness of the model is determined by how well this plot compares

to the THz absorption curves, originally shown in Figure 11.

The RLC circuit responds differently depending on the frequency of the
oscillating current driving the circuit. The L and C values determine the resonance
frequency, while resistance determines the power dissipated by the circuit. The peak
power dissipation occurs at resonant frequency and decreases as the frequencies move
away from resonance. The rate of this decrease depends upon the ratio of R to L. In this
manner, there is an associated power dissipation curve for a series RLC circuit which
peaks at the resonant frequency. The following relationships describe the behavior of this

curve.

Power dissipated is related to current and resistance by the equation:

P=1°R (3.1)
Resonant frequency is again given by the equation:
w, =1/JLC (3.2)
Where,
w, =2rf (3.3

Amplitude at the resonant frequency is given by:

P.=V?/R (3.4)

The full width half maximum is given in radians per second:
Aw=R/L (3.5)
By using these equations, the physical analogies between the RLC circuit and the
metafilm emerge as the following questions are asked: (1) How does the dielectric
thickness of the metafilm relate to capacitance, inductance, and resistance? (2) How does
varying metafilm square size relate to varying capacitance, inductance, and resistance?
(3) Does a change in metafilm fill factor correlate to a corresponding change in
resistance? The next section explores the answers to these questions, revealing the
analogies and insight that come forth from such comparisons and justifying the use of a

series RLC circuit to model metafilm absorption.
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B. RLC MODEL IMPLEMENTATION AND COMPARISON

Applying Equations 3.1 through 3.5 quickly reveals whether an RLC circuit is
able to effectively model the absorption characteristics of these metafilms. By setting the
values of R, L, and C in accordance with Equations 3.1 to 3.5, the peak absorption,
FWHM, and resonant frequency were successfully modeled as shown in Figure 30. The
AC analysis module of the software Multisim 12.0 was used in simulating the RLC

circuit.
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Figure 30. Comparison between an RLC circuit model (red) with R=1.07 Q,
L =0.21pH, C =0.00521pF and actual data with Savitzky-Golay smoothing
for a metafilm with square period of 21 um, square size of 15 um, and SiO,
layer thickness of 1.2 um (black line). RLC circuit simulated with voltage
equalto 1 V.

Utilizing Equations 3.1 through 3.5 in conjunction with analysis from the data
presented in section 2, the relationships between the metafilm and RLC circuit emerge.

31



1. Relating Capacitance to Square Size

As previously discussed, the relationship between square size and peak absorption
frequency (Figure 15) suggests a relationship between capacitance (C) and square area

( A) which may be explained by the parallel plate capacitance, C=cA/d . Since peak
absorption frequency is dependent upon 1/+/LC and demonstrates a linear relationship

with inverse square size, the product LC must contain a factor of square size squared.
The most straight forward explanation is that either L or C contains a factor of square size
squared or both contain a factor of square size so that their product also contains a factor
of square size squared. Based on the structure of the metafilm, it seemed most plausible
that capacitance alone varied with square size. Since the metafilm contains two metallic
plates separated by a dielectric, parallel plate models seemed the most logical in trying to
describe the electromagnetic interactions at work. In this line of thinking, the parallel
plate equation would describe capacitance, while the parallel bus bar equation would

describe inductance [20].

The capacitance of a pixel in the metamaterial can be estimated using:
C=¢Ald (3.6)
Here, A is the area of the top metal square, ¢ is the dielectric constant of SiO, and d is
SiO, thickness. The inductance per unit length can be estimated using the bus bar model
as: [20]
L=ud/w (3.7)

Here w is square size, u is the magnetic permeability of SiO,, and d is SiO; thickness.

In applying the parallel plate equation, capacitance is dependent upon square size
squared since this is the area of the top plate in the two plate model. Of course, this
ignores the fact that the ground plane, the bottom plate, is larger than square size squared.
In the same way the square area and ground plane are used in the parallel bus bar
equation to determine inductance. Since the width and length of a square are the same,
inductance should not depend upon square size, according to Equation (3.7), giving:

L=4d (3.8)
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Calculating the capacitance and inductance in this manner for a dielectric
thickness of 1.2 um, square size of 15 um, & =3.54x10"F/m, and £ =1.26x10° Hx m’

! vields capacitance of 6.64x10-"° F and inductance of 1.51 pH. These values yield a
resonant frequency of 1.59 THz, approximately one third of the experimental resonant
frequency of 4.81 THz. Interestingly, when combined, the capacitance and inductance
estimated using Equations 3.7 and 3.8 correctly predict the order of magnitude of the
resonant frequency. However, this says little with regard to how accurate these equations

are with regard to actual capacitance or inductance.

Using the calculated capacitance for the 15 um square size and the experimental
resonance frequency of 4.81 THz, the necessary inductance of 0.165 pH was calculated.
Maintaining the notion that only capacitance depends upon square size, this inductance
was held constant for the other metafilms of the same dielectric thickness and used in
coordination with the varying square size capacitances to calculate the associated
resonant frequencies in accordance with Equation 3.2. The inductance was calculated
based on the 15 um square size capacitance because that square size is near the middle
and is found within the best fit of the data as seen in Figures 19 and 20. While yielding an
accurate correlation to the experimental data, as shown in Table 1, this model simply
captures the effect of square size on resonant frequency. Further discussion will show that
this model cannot be used to predict absolute capacitance or relative change in
capacitance of the actual metafilms.

Resonant
S C itance (F) FFl{'eesqc:Jr;T::f Frequency
quare apaci .
Size (um) C—edld (TH2) ('F:Il'-lé] Difference (THz)
Actual Data . i

Simulation
9 9.56E-15 7.85 8.02 0.17
10 8.53E-15 7.18 7.22 0.04
11 7.55E-15 6.55 6.56 0.01
12 6.64E-15 6.03 6.01 -0.02
13 5.78E-15 5.55 5.55 0.00
14 4.99E-15 5.19 5.15 -0.04
15 4.25E-15 4.81 4.81 0.00
16 3.57E-15 4.48 4,51 0.03
17 2.95E-15 4.24 4.24 0.00
18 2.39E-15 3.98 4,01 0.03

Table 1.  Comparison of resonant frequencies for SiO, layer thickness of 1.2 um with
square period of 21 um and varying square size.
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2. Relating Resistance to Fill Factor

In Chapter Il, a linear relationship between peak absorption percentage and
inverse fill factor was revealed in Figure 20. Based on Equation 3.4, the peak power
dissipation in the RLC circuit is proportional to 1/ R. This implies that there is a direct
relationship between fill factor and resistance. As fill factor decreases, resistance
increases and vice versa. This understanding allowed the derivation of an expression
relating fill factor to resistance (where m, is the slope of the peak absorption vs. inverse
fill factor line, m, is the slope of the peak absorption vs. inverse resistance line, andC is
determined by the baseline resistance set by the experimental data):

R™ =(m /m,)* fillfactor ™ + B (3.9)

In order to match an RLC circuit curve to a metafilm absorption curve, a baseline
resistance must be established. While there is a correlation between the resistance in the
RLC circuit and the fill factor of the metafilm, it is difficult and perhaps even impossible
to relate them to one another in an absolute sense. With this in mind, one approach is to
choose an arbitrary starting point for resistance. For instance, in attempting to model the
15 um square size, 1.2 um thick dielectric metafilm, an arbitrary resistance value would
be chosen and then normalized so that its peak corresponds to 93.5%, the peak absorption
value of the experimental data. This arbitrary resistance value can then be inputted into
R in Equation 3.9 to solve for B, from which all the other resistances for that dielectric
thickness can be predicted based upon fill factor using Equation 3.9. As can be seen,
Equation 3.9 is not helpful in determining an absolute resistance based upon fill factor;
however, it is helpful in demonstrating how fill factor relates to resistance once a baseline
has been established.

Another approach is to determine the baseline resistance based upon calculated
inductance. If inductance is calculated first, then resistance can be calculated in
accordance with Equation 3.5 so that the experimental FWHM is achieved. Using the
fixed inductance necessary to support the parallel plate capacitance model in section 3-
B1, this approach was applied successfully in modeling the absorption response of the 1.2

pm SiO, thickness metafilm as shown in Figure 31.
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Figure 31. Comparison of RLC circuit model performance against actual data for a
metafilm with square period of 21 um, varying square size, and SiO, layer
thickness of 1.2 um. Smooth curves are given by the RLC circuit model.

In this case, inductance was held constant at 0.165 pH while capacitance varied
according to the parallel plate equation calculations in Table 1. The slope (-7.3 absorption
percentage / inverse fill factor) of the 1.2 um dielectric in Figure 20 was used for m,.
Based on an inductance of 0.165 pH and FWHM of 0.81 THz, the resistance value for the
15 pm square size, R, was determined to be 0.839Q, using Equation 3.5. This
necessitates a normalization factor of 78.49 Percent / W so that the resistance correlates
to a peak absorption percentage of 93.5. Using Equation 3.2, where V =1V and
R;=0839 Q, P, =1191W. Multiplying P, by the normalization factor,
78.49 Percent / W, yields the experimental absorption magnitude of 93.5%. In order to
establish the slope, m,, an additional resistance value is needed. Since the 10 um square
size also falls on the best fit line in Figure 20, it serves as the best choice for which to

establish m,. By taking the associated peak absorption percentage of 75.4 and dividing
by the normalization factor of 78.49 Percent / W, P was determined to be 0.9606 W,

yieldingR.to be 1.041 Q. Plotting the peak absorption percentages, 93.5 and 75.4,
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against their associated inverse resistances, 1/0.839 Q™ and 1/1.041 Q™, yields a line

between the two points with m,determined by the equation (yielding m, =77.56
absorption percentage / inverse resistance):

m, = (Peak,, —Peak,)/(1/R;-1/R,) (3.10)

B is then estimated by substituting R, fillfactor,,,m, and m,into Equation 3.9.

The other resistances were then determined based upon Equation 3.9, with Figure 31

demonstrating the result.

3. Relating Resistance to SiO, Thickness

Since resistance is directly related to peak absorption, Figure 13 is useful in
finding a relationship between dielectric thickness and resistance. The absorption peaks
in Figure 13 can be modeled by the equation (where x is SiO, thickness in um and y is

peak absorption percentage, and y,, Aand b are constants given by the exponential fit):

y =Y, +Ae” (3.12)
Combining Equation 3.12 with Equation 3.4 resistance should relate similarly:
1/R=1/R, +ae™ (3.13)
Where the normalization factor, previously determined as 78.49 Percent / W,
relates the constants as follows:

1/R, =y, /78.49 (3.14)
a=A/78.49 (3.15)

This was indeed found to be the case as the RLC model, using the resistance
determined by Equation 3.13, performed closely to the experimental data with regard to
peak absorption. This was achieved by using the constants from the exponential fit of the
13 um data in Figure 13. This square size was chosen because its data points best fit the

exponential curve. There y,=104.83, A=-151.177,andb=-1.80711. Using Equations
3.14 and 3.15, R, =0.76815 and a=-1.90105. Allowing x to equal 0.8, so that Equation

3.13 can be tested on the 0.8 um SiO; thickness, the resistance for the 13 um square size
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with dielectric thickness 0.8 pm was computed as R, =1.149 Q, corresponding to an
absorption magnitude of 68.3%. Experimental absorption for this metafilm is 69.0%, a

difference of only 0.7%.

Taking it a step further, the same relationship (Equation 3.9) that was used to
determine the resistances for the 1.2 um thickness was used for the 0.8 pum thickness.
Keeping m,and m,at -7.3 and 77.56 respectively, B to be used in Equation 3.9 was
recalculated using the newly determined R ,. Based on this new B, Equation 3.9 was

used to predict the resistances for all the square sizes on the 0.8 um thick dielectric, with

results matching very well with experimental absorption peaks as shown in Table 2.

Peak. Peak
Sql.Jare BLC Absorption Absorption  Difference
Size Resistance (%) o o
(um) (@) RLC ve) %)
Simulation Actual Data
9 1.657 47.4 49.1 1.7
10 1.427 55.0 58.0 3.0
11 1.294 60.7 62.4 1.7
12 1.208 65.0 66.6 1.6
13 1.149 68.3 69.0 0.7
14 1.106 71.0 72.0 1.0
15 1.073 73.1 74.1 1.0
16 1.048 74.9 75.9 0.9
17 1.028 76.3 77.3 1.0
18 1.012 77.5 79.6 2.1

Table 2. Comparison of absorption peaks for SiO, layer thickness of 0.8 um with
square period of 21 um and varying square size.

However, using the inductance required in accordance with the parallel plate
capacitance model reveals a large discrepancy in FWHM. Applying the parallel plate
capacitance model to the 0.8 pm SiO, thickness yields a capacitance of 9.956x10™" F for
the 15 pm square size. Calculating inductance so that FWHM vyields the experimental

result of 4.87 THz, requires L=0.1073 pH. Holding this inductance constant, the
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FWHMs were computed for the varying resistances in Table 2. The discrepancy between

the RLC model and the experimental data is shown in Table 3.

Square RLC FWHM (THz) FWHM .

Size Resistance RLC (THz) Difference

(um) (Q) Simulation Actual Data (THz)
9 1.657 2.46 1.19 1.27
10 1.427 2.12 1.02 1.10
11 1.294 1.92 0.96 0.96
12 1.208 1.79 0.87 0.93
13 1.149 1.70 0.82 0.88
14 1.106 1.64 0.76 0.88
15 1.073 1.59 0.68 0.91
16 1.048 1.56 0.67 0.89
17 1.028 1.53 0.66 0.87
18 1.012 1.50 0.62 0.88

Table 3.  Comparison of FWHM for SiO; layer thickness of 0.8 um with square
period of 21 um and varying square size.

The model reveals a large discrepancy in FWHM, indicating that inductance and
capacitance do not behave as predicted by the parallel plate capacitance model.
According to that model, inductance should increase as SiO, thickness increases;
however, for the FWHM and peak absorption modeled by the RLC circuit to match the
experimental data, inductance must behave in a contradicting manner as revealed in
Table 4.

50, Capacitance RLC Circuit
Thickness Model Model
(um) Inductance Inductance
(pH) (pH)
0.4 0.0537 0.4877
0.8 0.1071 0.2230
1.2 0.1650 0.1650
1.6 0.2300 0.1857
Table 4.  Inductance required to support the parallel plate capacitance model

compared to inductance required to support the RLC circuit model.
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The resistance relationships are very effective in modeling the appropriate
absorption peaks for both varying square size and SiO, thickness. If the RLC circuit is a
comprehensive model, capable of explaining the absorption characteristics of the
metafilms, then the necessary inductance to fit this model shows that simple parallel plate
models cannot capture the complexities of these metafilms. For the RLC circuit to
effectively model the metamaterial absorption characteristics, it is clear that inductance
must decrease as SiO, thickness increases. This means that capacitance must increase
while SiO, thickness increases in order for the resonant frequencies to correlate to the
experimental absorption data. While it is not surprising that these complex metafilms
cannot be adequately described by simple plate models, it is surprising that inductance
and capacitance adjust with dielectric thickness in the opposite directions from which the
plate models require.

4. RLC Circuit Values Necessary for Modeling Experimental Data

If the RLC circuit is an accurate model, as it seems to be, it is interesting to
comparatively examine the R, L, and C values required to fit the experimental data. This
was achieved by assuming a 1 V power source with 1 Q resistance corresponding to
100% absorption. In other words, 1 W of power corresponds to 100% absorption by
Equation 3.4. Using Equation 3.4 along with the experimental absorption data, the
required resistance for each square size and SiO, thickness were computed as shown in
Table 5 and depicted in Figure 32 and Figure 33. These values affirm the relationship
between resistance in the RLC circuit and peak absorption by the metafilm as shown by
comparing Figure 34 with Figure 20. Comparing Figure 13 to Figure 35 illustrates how
1/R is equivalent to peak absorption. Data throughout this section has either been fitted

or plotted with connecting lines to better illustrate the trending behavior.
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SiO, Thickness (um)
Square Size | 4 0.8 1.2 1.6
(um)
9 4.53 2.04 1.49 1.25
10 3.99 1.73 1.33 1.12
11 3.72 1.60 1.23 1.08
12 3.28 1.50 1.15 1.03
13 3.17 1.45 1.14 1.04
14 3.03 1.39 1.10 1.06
15 2.97 1.35 1.07 1.02
16 2.77 1.32 1.06 1.00
17 2.49 1.29 1.02 1.00
18 2.48 1.26 1.04 1.01

Table 5.  Resistance (Q) necessary for RLC circuit to model experimental peak
absorption data where 1 Q corresponds to maximum absorption.
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Figure 32. As a function of square size, resistance necessary for RLC circuit to model
experimental peak absorption data where 1 Q corresponds to maximum
absorption.
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Figure 33. As a function of SiO, thickness, resistance necessary for RLC circuit to model
experimental peak absorption data where 1 Q corresponds to maximum
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Figure 34. 1/R asa function of 1/ Fill Factor fitted with a linear fit. Data points

reaching near 100% absorption were not fitted since they obscure the linear
relationship occurring below maximum absorption.
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Figure 35. 1/R as a function of SiO; thickness.

Based on the resistance calculations and Equation 3.5, inductance was calculated
so that the FHWM of the RLC model matched the experimental data. The calculated
values are shown in Table 6 and plotted in Figure 36.

SiO, Thickness (um)
SquareSize |, , 0.8 1.2 1.6
(um)
9 0.53 0.27 0.20 0.19
10 0.56 0.27 0.19 0.20
11 0.54 0.27 0.20 0.21
12 0.55 0.28 0.20 0.22
13 0.61 0.28 0.20 0.23
14 0.62 0.29 0.20 0.26
15 0.55 0.32 0.21 0.27
16 0.51 0.31 0.22 0.28
17 0.53 0.31 0.24 0.30
18 0.56 0.32 0.23 0.37

Table 6.  Inductance (pH) necessary for RLC circuit to model experimental FWHM
data given the baseline resistance calculated in Table 5.
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Figure 36. As a function of square size, inductance necessary for RLC circuit to model
experimental FWHM data given the baseline resistance calculated in Table 5.

As revealed by Figure 36, inductance remains relatively constant for the smaller
square sizes and then tends to increase as square size increases, especially in the case of
the 1.6 um thickness where inductance nearly doubles. It may be argued that there is a
linear relationship between inductance and square size and that this is not so clear from
the plot due to imperfections in the metafilm such as overetch. A linear relationship
becomes slightly more visible when inductance is plotted against the square area, shown

in Figure 37.
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Figure 37. Necessary inductance as a function of square area, fitted with a linear fit,
excluding the last data point in the 1.6 um thickness.

Additionally, inductance tends to decrease while SiO, thickness increases,
illustrated in Figure 38. This reemphasizes the relationship given in Equation 3.8 which
contradicts the parallel bus bars model. The sudden increase in required inductance
between the 1.2 and 1.6 um thicknesses is most likely due to the saturated absorption
occurring for the 1.6 um thickness. Recall that Figure 34 shows that the resistance
relationship with fill factor only works as long as maximum absorption has not been
achieved. Once maximum absorption is achieved, the resistance must remain at 1 Q for
the RLC curve to match the experimental data, though this may not be indicative of the
actual interactions within the metafilm. If the resistance were allowed to decrease further
once maximum absorption is achieved, it would necessitate a smaller inductance in order
to maintain the appropriate FWHM in accordance with Equation 3.5. This helps to
explain the behavior seen in Figure 38 and further indicates that the RLC circuit has
bounds in which it can effectively model the metafilm absorption. Once maximum

absorption is reached, the model becomes less effective.
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Figure 38. As a function of SiO; thickness, inductance necessary for RLC circuit to
model experimental FWHM data given the baseline resistance calculated in
Table 5.

Based on the inductance calculations and Equation 3.2, capacitance was
calculated so that the resonant frequency of the RLC model matched the experimental

data. These calculations are shown in Table 7 and plotted in Figure 39.

SiO2 Thickness (um)
SquareSize | o 0.8 1.2 1.6
(um)
9 0.75 1.48 2.03 2.30
10 0.88 1.80 2.61 2.69
11 1.09 2.15 2.96 3.07
12 1.23 2.42 3.51 3.33
13 1.38 2.87 4.07 3.70
14 1.56 3.21 4.71 3.80
15 1.98 3.38 5.21 4.14
16 2.37 3.87 5.85 4.71
17 2.68 4.31 5.99 4.93
18 2.84 4.65 6.94 4.41

Table 7.  Capacitance (10" F) necessary for RLC circuit to model experimental
resonant frequency data given the inductance calculated in Table 6.
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Figure 39. As a function of square size, capacitance necessary for RLC circuit to model
experimental resonant frequency data given the inductance calculated in
Table 6.

Interestingly, the data is nearly linear and becomes more so when capacitance is
plotted against the square area, shown in Figure 40. While it was originally thought that
the square area related to capacitance, as Figure 40 may suggest, the true relationship
may be one in which both capacitance and inductance depend linearly upon square size.
Then, the product of LC still exhibits a dependence on square area, as was demonstrated

to be the case in the discussion regarding Figures 14 and 15.

Also of interest is that capacitance generally increases as SiO, thickness
increases, contradicting the parallel plate model. This relationship is further illustrated in
Figure 41. The inversion of the 1.6 pm and 1.2 pm thicknesses can be explained in the
same way the sudden inductance increase with the 1.2 um thickness was explained with
regard to Figure 38. Since inductance is forced higher to compensate for the restraint on
resistance at maximum absorption, capacitance is forced lower to maintain the

appropriate FWHM.
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Figure 40. Necessary capacitance as a function of square area, fitted with a linear fit,
excluding the last data point in the 1.6 um thickness.
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in Table 6.
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C. RLC MODEL CONCLUSIONS

The RLC model confirms analysis from Chapter II, sheds new light on the
possible electromagnetic interactions occurring within the metafilms, and reveals its own
limitations. The model affirms that absorption and thus resistance directly relates to fill
factor, showing that inverse resistance relates linearly to inverse fill factor. The model
also affirms that square area relates to the product of inductance and capacitance;
however, further study is necessary to determine the extent to which each of these factors
relates to square size. Interestingly, while capacitance and inductance vary with dielectric
thickness, their product changes very little, suggesting that dielectric thickness cancels or
nearly cancels out when the product is taken. The capacitance and inductance required by
the RLC model to match the experimental behavior are worth noting and deserve further
investigation. The RLC model also proved that it has limitations once maximum
absorption has been reached. With resistance no longer able to decrease according to its
relationship with inverse fill factor, the inductance and, consequently, the capacitance
were forced to compensate so that the RLC model matched experimental absorption. It is
hard to believe that inductance and capacitance would actually behave in this manner as

doing so goes against the trends for the rest of the data in Figures 38, 39, and 41.
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IV. CONCLUSION

This research demonstrates that a series RLC circuit is able to effectively model
the absorption characteristics of the metafilms. This should prove valuable in both the
design and understanding of these metafilms. If inductance and capacitance in the RLC
circuit directly relate to inductance and capacitance exhibited by the metafilms, then the
RLC model may prove extremely beneficial in understanding these complexities. At the
very least it gives a sense of how these parameters are changing with square size, square
period, and SiO, thickness.

With regard to the effects square size and square period have on the absorption
characteristics of a metafilm, increasing square size causes an increase in absorption
magnitude and a decrease in absorption frequency, where this shift in frequency is
dependent upon inverse square size. Increasing square period causes a decrease in
absorption magnitude and a small increase in absorption frequency. While square size
and square period both affect absorption magnitude, their relationship to one another, as
defined by fill factor, is the most critical factor in achieving maximum absorption for a
given SiO; thickness. Inverse fill factor relates linearly to absorption magnitude and
demonstrates a direct relationship with resistance in the RLC model.

Resistance also showed a consistent relationship to SiO, thickness, though
determining the correct equation to describe that relationship deserves further
investigation. It was clearly observed that there is an ideal thickness depending upon fill
factor and that the importance of thickness cannot be overlooked in metafilm design. As
described in the introduction, the Fabry-Perot explanation for how metamaterials work
may tie in with the resistance behavior observed for varying thicknesses. It could be that
the thickness of the dielectric impacts the phase cancellation occurring within the Fabry-
Perot effect. In this line of thinking, the resistance / thickness relationship should be fitted
to a portion of the sine curve. This was done with some success, though it is just one

possible explanation.
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While this research certainly achieved its goal of better understanding how
metafilm structure affects absorption magnitude and frequency, the mystery of
understanding the electromagnetic interactions within the metafilms remains. From a
physics standpoint, it would be of great interest to explore this further. It may also unlock

more secrets in how to best design metamaterials.

Looking ahead to the application of these metafilms, it is encouraging to see the
flexibility they offer in designing a sensor with specific absorption characteristics. With
just three parameters—square size, square period, and dielectric thickness—sensitivity
can be adjusted and tuned to a specific frequency with a desired bandwidth. With such
high sensitivities and tunable frequency responses, it should be no surprise to see similar
metafilms being used in commercial and military security applications as well as space
based sensors in the near future. While there is still much to understand and improve
upon, this may be the ground work for the high sensitivity THz sensors NASA desires for

its future missions.
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Figure 42. Raw data THz absorption of a metafilm with constant square period of 21 pum,
varying square size, and SiO; layer thickness of 0.4 pm.
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Figure 43. Raw data THz absorption of a metafilm with constant square period of 21 pum,
varying square size, and SiO; layer thickness of 0.8 pum.
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Figure 44. Raw data THz absorption of a metafilm with constant square period of 21 pum,
varying square size, and SiO; layer thickness of 1.2 um.
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Figure 45. Raw data THz absorption of a metafilm with constant square period of 21 pum,
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Absorption (%)

Frequency (THz)

52



50 T L T |
Period

19 pm
— 20 pm
—21 pm 7]
— 22 pm |
— 23 um

40

30

20

Absorption (%)

4.0 45 5.0
Frequency (THz)

Figure 46. Raw data THz absorption of a metafilm with varying square period, constant
square size of 16 um, and SiO; layer thickness of 0.4 um.
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Figure 47. Raw data THz absorption of a metafilm with varying square period, constant
square size of 16 um, and SiO; layer thickness of 0.8 um.
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Figure 48. Raw data THz absorption of a metafilm with varying square period, constant
square size of 16 um, and SiO; layer thickness of 1.2 um.
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Figure 49. Raw data THz absorption of a metafilm with varying square period, constant
square size of 16 um, and SiO; layer thickness of 1.6 pm.
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